This investigation began as a study of certain aspects of diphtheria toxin action on cultured HeLa cells. In the course of experimentation, an inhibitor of toxin was detected in crude preparations of toxin. There have been few reports of the inhibition of toxin action other than by diphtheria antitoxin. Placido Sousa and Evans (1957) noted that certain batches of diphtheria toxin were less toxic at low dilutions than at high dilutions. These workers suggested that an inhibitor of toxin was present, but they did not investigate the phenomenon. Kondo et al. (1962) also reported the presence of an inhibitor for diphtheria toxin in culture supernatant fractions of toxinogenic Corynebacterium, but the nature of the inhibitor was not determined. This lack of information about nonantibody inhibitors prompted us to undertake the present study.
This investigation began as a study of certain aspects of diphtheria toxin action on cultured HeLa cells. In the course of experimentation, an inhibitor of toxin was detected in crude preparations of toxin. There have been few reports of the inhibition of toxin action other than by diphtheria antitoxin. Placido Sousa and Evans (1957) noted that certain batches of diphtheria toxin were less toxic at low dilutions than at high dilutions. These workers suggested that an inhibitor of toxin was present, but they did not investigate the phenomenon. Kondo et al. (1962) also reported the presence of an inhibitor for diphtheria toxin in culture supernatant fractions of toxinogenic Corynebacterium, but the nature of the inhibitor was not determined. This lack of information about nonantibody inhibitors prompted us to undertake the present study.
MATERIALS AND METHODS HeLa cell cultures. Stock HeLa cell cultures were maintained on a medium consisting of Hanks' balanced salt solution containing 1.5 ml of 5% (w/v) sodium bicarbonate per 100 ml, 0.1% yeast extract, and 10% calf serum (HYE-10). The medium contained 100,000 units of penicillin, 100,000 units of streptomycin, and 10,000 units of nystatin l Present address: Department of Preventive Medicine, School of Medicine, University of Washington, Seattle. per liter. Stock cultures were maintained in 16-oz prescription bottles. They were fed every 48 hr and transferred every 7 days. Cultures used in the standard toxicity tests were prepared by trypsinizing 7-day-old stock cultures with 0.05% trypsin (Difco; 1:250). The cells were suspended by gentle agitation with a pipette and after a direct cell count the suspensions were adjusted to a cell density of 2.0 X 105 to 2.5 X 105 cells per milliliter in HYE-10 medium. Pyrex screw-cap tubes were seeded with 1 ml of the cell suspension, placed on a metal tray on their sides, and incubated at 37 C. The medium was changed at day 4, and the cultures were used at day 5. A uniform cell sheet was present at this time.
C. diphtheriae. C. diphtheriae strain C4 (nontoxinogenic) and strain C4(13) (toxinogenic) were obtained from the local collection. These strains were used to produce crude inhibitor and crude toxin, respectively.
Reagents and medium. Two toxin preparations were used in these studies. A partially purified toxin preparation which contained 650 Lf/ml was kindly supplied by A. M. Pappenheimer, Jr. The preparation was used when a saturating level (0.3 Lf) or a minimal level (0.004 Lf) of toxin was desired. With a saturating level of toxin irreversible toxicity occurred in 30 to 45 min at 37 C and with a minimal level in 12 hr under the same conditions. Irreversible toxicity is defined as the stage in intoxication beyond which antitoxin can no longer rescue the cells.
Crude toxin was prepared by inoculating 50 ml 1552 The MM medium was prepared as described by Yoneda and Pappenheimer (1957) The tests were scored as positive when the culture was 80 to 100% destroyed, and negative when the cell sheet was healthy and intact. In a few instances, only partial destruction of the cell sheet was observed. These tests were scored as plusminus with no attempt to ascertain the degree of toxicity to the culture. RESULTS
The initial observation for the study was made during the titration of crude toxin on HeLa cells.
Toxin titrated by a simple dilution method induced irreversible toxicity in HeLa cell cultures more rapidly in high than in low dilutions of the same preparation. The phenomenon was probably the same as that noted by Placido Sousa and Evans (1957) . Since it has been shown that the time requir-ed to attain irreversible toxicity lengthens as the toxin concentration decreases (Lennox and Kaplan, 1957) , it was clear that some factor other than toxin concentration was affecting its action. In the absence of antitoxin, all dilutions of toxin tested destroyed the cells by the 5th day, indicating that inhibition was not due to toxin destruction. The simplest explanation was that crude toxin contained an inhibitor(s).
Source and nature of the inhibitor. The presence of an inhibitor in crude toxin suggested that it might be formed by C. diphtheriae. To test this and avoid the complication of concurrent toxin production, nontoxinogenic C. diphtheriae strain C4 was grown in MM medium under conditions identical to those used for toxin production. The growth supernatant liquid was then tested for inhibitor activity against a low level of crude toxin. Crude toxin, boiled to inactivate toxin, was also tested. Cell cultures were exposed to these mixtures for 12 hr before the addition of antitoxin. Both C4 growth supernatant fractions or boiled crude toxin protected the cells from toxin action, whereas control cells exposed to toxin alone were destroyed.
Some characteristics of the crude inhibitor were determined by treating samples of C4 growth supernatant fractions in the following manner: (i) boiled for 15 min or autoclaved for 10 min at 10 psi of pressure; (ii) dialyzed against three changes of 1,000 ml of water for a period of 6 hr in the cold; (iii) ashed by direct heat in a crucible. The ash was suspended to its original volume in distilled water and centrifuged to remove the insoluble residue. The treated samples were then tested for their ability to inhibit a low level of crude toxin. Cell cultures were exposed to toxin or toxin plus treated inhibitor for 8 to 12 hr at 37 C, after which antitoxin was added. The results showed that the inhibitor was stable to heat and dialyzable, but was destroyed by ashing. It was also stable at refrigerator temperatures for at least 5 months. The characteristics were those of an organic substance of a small molecular weight.
Subsequent to these experiments, it was observed that MM medium alone inhibited toxin in the standard test. A study of this inhibitor was then undertaken.
Identification of the inhibitor in MM medium. Accordingly, the mixture of 17 amino acids was divided arbitrarily into two groups of approximately equal size (see Materials and Methods) and each group was tested for inhibitory activity. As before, each amino acid was used at a final concentration of 0.2 mg/ml and tested against a low level of crude toxin in the usual manner. The mixture of amino acids in group II inhibited toxin, and, after a series of dropout experiments, it was determined that a combination of L-glutamine and L-cystine was active. The efficacy of these amino acids in a typical experiment is shown in Table 1 . It should be noted that neither amino acid alone was inhibitory. The minimal concentration for complete protection was 0.2 mg/ml of each amino acid.
Effect of HCI and excess bicarbonate. Since cystine was dissolved in HCl and the pH was readjusted with excess bicarbonate, the relationship of these compounds to inhibitor activity was explored. Concentrations of both HCl and bicarbonate equivalent to those present under conditions of toxin inhibition were added to * Cystine + glutamine were each used at a final concentration of 0.2 mg/ml; HCl = 0.1 ml of 1 N HCl per ml; NaHCO3 = 0.1 ml of 5% NaHCO3 per ml. The cells were exposed to crude toxin (ca. 0.03 Lf) for 14 hr at 37 C before the addition of antitoxin. * The quantities added were: 0.2 mg of glutamine, 0.4 mg of glutamate, 0.4 mg of NH4Cl, 0.1 ml of 1 N HCl, 0.1 ml of 5% NaHCO3 per ml. Crude toxin (ca. 0.03 Lf) was employed. The cells were exposed to the various mixtures for 16 hr at 37 C before the addition of antitoxin.
HBSS in various combinations with or without glutamine or cystine, and were tested in the usual manner (Table 2) . Several things were evident from the results. (i) Bicarbonate alone or in combination with HCl had no effect, indicating that salt formation was not responsible for inhibition. Additional support for this contention was provided by the observation that KCl at 3 or 30 Amoles/ml also failed to inhibit toxin action. (ii) Glutamine, but not cystine, in com- bination with bicarbonate and HCI was as effective as the combination of both amino acids, indicating that cystine was not essential.
Effect of glutamate and ammonium chloride. Tritsch and Moore (1962) reported that glutamine spontaneously formed glutamate and ammonia in tissue culture media. This suggested that glutamine might be breaking down under the conditions used to demonstrate inhibition. Accordingly, glutamate and ammonium chloride were tested in the usual manner for inhibitory activity. The results shown in Table 3 demonstrate that ammonium chloride alone can protect HeLa cells against irreversible toxicity and suggest that the inhibitor is a breakdown product of glutamine and not glutamine itself. This indirect role for glutamine was also supported by the additional observation that D-glutamine could substitute for L-glutamine under the same conditions.
Effect of ammonium salts and amines on toxicity. Other ammonium salts, the aliphatic amines, glyeamine, prolamine, and histamine, were also tested for their ability to inhibit a saturating level or a minimal level of partially purified toxin (Table 4) . Both ammonium sulfate and ammonium citrate were active inhibitors, indicating that the activity of these salts was a function of the ammonium ion. Glycamine and prolamine were also effective, but histamine was not active at the concentrations tested. DISCUSSION The present sequence of experiments has established that ammonium salts, glutamine, and certain other amines inhibit diphtheria toxin action in vitro. The results indicate that inhibition is specific for the amine or ammonium groups. The fact that neither sodium nor potassium salts is an effective inhibitor also supports the specificity of inhibition. Under the conditions of the experiments, it seems likely that glutamine is deaminated to yield ammonia, but it is unlikely that glycamine and prolamine are deaminated (Jensen and Liu, 1963 that all of them are either aminated low molecular weight compounds or ammonia resulting from deamination. In a simple dilution experiment, the level of inhibitor in all three proparations was roughly the same. All three inhibitors were stable to heat and were stable for many months in the refrigerator. The fact that crude inhibitor in the supernatant liquid of the nontoxinogenic strain was dialyzable and was destroyed by ashing certainly places it in the postulated category, as does the fact that only the Casamino Acids component of MM medium was inhibitory. It is, of course, possible that the culture supernatant fluids contained more than one inhibitor. The relationship of the aminated inhibitors to the inhibitor described by Kondo et al. (1962) is not known. These investigators described an inhibitor which prevented the skin reaction but did not decrease the lethal potency of diphtheria toxin for animals. Their attempt to suppress the skin reactions in rabbits by injecting ammonium sulfate along with toxin failed. This finding, which implies that the ammonium ion was not the inhibitor, is not decisive enough to prove that the inhibitor they describe differs from ours.
The biological significance of the findings we have reported remain to be assessed. It is of interest that several investigators have noted an inhibitory effect by ammonia (Eaton and Scala, 1961; Eaton et al., 1962; Furusawa and Cutting, 1962) and amines (Jensen and Liu, 1963) on the reproduction of certain viruses. These findings indicate that there is a specific link between diphtheria toxin action and these virus infections, such as, for example, the sharing of a receptor site. Alternatively, they may reflect a more generalized effect of aminated compounds on the physiology of the cells.
What direct bearing our observations have on the pathogenesis of diphtheria is completely speculative at this time. Conceivably, aminated compounds produced by organisms in the throat might prevent initial tissue damage by a toxinogenic strain of C. diphtheriae and, in so doing, prevent or delay the initiating phase of the disease. The question of the ecology of the tbroat and its effect on disease production is only one of many that can be raised.
